The maturation and development of tomato fruit has received much attention due both to the complexity and intricacy of the changes which occur during this process and to the importance of these fruits as a component of the human diet. Whilst great advances have been made in understanding molecular genetic aspects of fruit development, our knowledge concerning the metabolic shifts underpinning this process remains largely confined to primary metabolism. Conversely, the majority of the metabolites considered to have health benefits are secondary or specialized metabolites. Prior to assessing the role (if any) of these metabolites in tomato fruit development, considerable effort will be required in order to better describe the complement of secondary metabolites in the tomato and to elucidate the metabolic pathways involved in their synthesis and degradation. Advances in tomato secondary metabolism will be reviewed here focusing on the use of metabolomics strategies and, where applicable, the enabling of these strategies by their coupling to information resident in the tomato genome sequence.
Introduction
Several features of the tomato fruit make it an attractive system to study from a metabolic perspective: (i) it undergoes a transition from partially photosynthetic to fully heterotrophic metabolism during development (Lytovchenko et al., 2011) , (ii) hormonal and genetic control of this transition are well defined (Klee and Giovannoni, 2011) , and (iii) it represents an important constituent of the Western diet and can prove both flavoursome and an important source of a wide range of nutrients (Tieman et al., 2012; Martin, 2013) . Whilst alterations in pigmentation and cell wall metabolism have long been reported to coincide with the ripening process (see, for example, Hadfield and Bennett, 1998; Hirschberg, 2001) , recent research has dramatically improved our understanding of temporal changes in primary metabolism across tomato fruit development (Carrari and Fernie, 2006; Centeno et al., 2011; Osorio et al., 2011) . It has long been known that, in most tomato species, fruit sugar contents fluctuate massively on ripening as a consequence of invertase catalysed hydrolysis of sucrose and the degradation of transient starch storage pools (Dinar and Stevens, 1981; Klann et al., 1993; Schaffer and Petreikov, 1997) . Immature green fruit, although photosynthetically competent, rely on sugar import for the majority of their functions (Lytovchenko et al., 2011) . Intriguingly, although a tremendous variance in sugar contents of both leaves and fruits is present across the lycopersicum complex the levels of TCA cycle acids are surprisingly invariant. That said, amino acids, which are precursors of a wide range of secondary metabolites, are quite highly variable across these species (Schauer et al., 2005) . Moreover, introgression lines resulting from interspecific crosses of S. lycopersicum with either S. pennellii or S. chmielewskii (Schauer et al., 2005; Do et al., 2010 . exhibited 9-fold ranges of almost all primary metabolites, irrespective of compound class, suggesting that such material is likely to possess high utility in metabolic engineering strategies (Fernie and Schauer, 2009) . Direct roles for primary metabolites across the tomato-ripening process were provided in a series of papers evaluating the abundance of transcripts and metabolites across this process in both wildtype and mutant tomato fruit (Carrari et al., 2006; Osorio et al., 2011; Rohrmann et al., 2011) . Evaluation of the wild type revealed strong correlations between hexose phosphates, cell wall sugars, pigments, and some TCA cycle intermediates and transcripts which had previously been described as developmental markers for ripening (Carrari and Fernie, 2006) . Intriguingly, reverse genetic manipulation of malate in a fruit-specific manner resulted in alterations in the plastidial redox state and consequent changes in transitory starch and pigment accumulation coupled to post-harvest water loss and bacterial susceptibility phenotypes (Centeno et al., 2011; Osorio et al., 2013) . These experiments thus validate the guiltby-association approach characterized by the network analyses described above. Interestingly, they are further supported by system-level analysis of known tomato ripening mutants (Osorio et al., 2011) , suggesting that such approaches represent a powerful approach in identifying novel regulatory interactions underpinning the ripening and developmental process. Given that most of a previous review focused on the metabolic shifts underlying the ripening and developmental process (Carrari and Fernie, 2006) discussion of these pathways will be kept to a minimum here and, instead, the focus will be on pathways of specialized metabolism. Tomato fruits are known to produce a wide array of secondary metabolites such as polyphenols, carotenoids, volatiles, and alkaloids. Figure 1 provides a schematic of the dynamics of the major classes of secondary metabolites during this process. These dynamics will be discussed briefly before focusing on what is known concerning the pathways responsible for their synthesis and degradation. Given that carotenoid metabolism has been extensively reviewed recently (Fraser et al., 2009) , it will only be covered briefly here and instead there will be discussion on the polyphenols, volatiles, and alkaloid pathways. Finally, a forward-looking perspective of the major challenges that need to be met in order to obtain a fuller understanding of the temporal co-ordination of metabolic networks within tomato fruits will be presented.
Dynamic regulation of tomato fruit secondary metabolism
During the ripening of tomato fruit, co-ordinated genetic and biochemical events occur (Fraser et al., 2007 . that result in changes to fruit colour, texture and flavour (Alexander and Grierson, 2002; Giovannoni, 2004; Fraser et al., 2007) . Since some secondary metabolites are relevant to colour, flavour or tissue specificities, these fruit developmental changes are closely related to secondary metabolite contents in tomato fruits. As stated above, Fig. 1 pericarp, placental tissue, locular cavity, columella, and seed) can be seen in Fig. 1A and the fruit ripening stages (MG, mature green; B, breaker stage; B+5, 5 d after breaker; B+10, 10 d after breaker; B+15, 15 d after breaker) are described in Fig. 1B . In the following sections, these compound classes are discussed one by one, paying attention to metabolic complexity, the underlying endogenous metabolic pathways, and current knowledge of the biological function of the metabolites within each compound class.
Carotenoid
Carotenoids are well investigated isopentenyl diphosphate.
(IPP. derived tetraterpenoid molecules which are commonly produced in all photosynthetic tissues. They are a class of more than 600 naturally occurring pigments synthesized by plants, algae, and photosynthetic bacteria (Bramley, 2002) . In principal, carotenoids can be split into two major classes: (i) xanthophylls which act to modulate light energy and (ii) hydrocarbon carotenes, such as lycopene and β-carotene, which are found in coloured fruits, vegetables, and flowers. of Carotenoids have been found to function in light harvesting in photosynthetic membranes, in the protection of the photosynthetic apparatus from excessive light energy by quenching triplet chlorophylls, superoxide anion radicals, and singlet oxygen (Niyogi, 1999; Bramley, 2002) , and they also act as the precursor of abscisic acid (Parry et al., 1990) . Although carotenoids have several bioactivities such as their role in preventing age-related eye disease (Johnson, 2002) , a decreased risk of chronic diseases (Blum et al., 2005) and cancer prevention (Giovannucci et al., 2002; Etminan et al., 2004) , they generally can not be synthesized by animal species (Fraser and Bramley, 2004; Lu and Li, 2008) . For this reason, research has focused on carotenoids in foods such as tomato in order to increase the availability of carotenoids in the human diet (Fraser et al., 2009) . The most common carotenoids, lycopene and the provitamin A (β-carotene), have been found in ripe tomato fruits. Carotenogenesis in ripening fruit is controlled by regulation which is distinct from that in other photosynthetic tissues (Bramley, 2002) . During fruit ripening, the level of carotenoids increases between 10-14-fold due to the significant accumulation of lycopene (Fraser et al., 1994; Fig. 1B) and this is caused by the increased expression of genes involved in isoprenoid biosynthesis such as 1-deoxyd-xylulose 5-phosphate (DOXPS) (Lois et al., 2000) . The emergence of the red colour of lycopene begins to be seen from the breaker stage when ripening is triggered by ethylene. Therefore, carotenoid accumulation in tomato fruits has been adopted for the screening of tomato natural mutants with impaired ripening mechanisms such as high-pigment (hp1, hp2, and hp3), never-ripe (Nr), green-ripe (Gr), colourless non-ripening (CNR), and the ripening-inhibitor (RIN) mutants (Lanahan et al., 1994; Mustilli et al., 1999; Vrebalov et al., 2002; Liu et al., 2004; Barry and Giovannoni, 2006; Manning et al., 2006; Barry et al., 2008) . Furthermore, there have been many genetic engineering attempts to alter carotenoid biosynthesis in tomato fruits (Fraser et al., 2009 
Polyphenols
Tomatoes are known to contain a number of flavonoids and other phenolics which can contribute to a healthy diet (Slimestad and Verheul, 2009) . Flavonoids are present in all terrestrial plants and in all plant organs, however, their distribution with respect both to structural diversity and quantities varies considerable within and between plants (Saito et al., 2013; Tohge et al., 2013) . Flavonoids have been implicated in combating inflammation, cardiovascular diseases, and cancer (Anderson and Markham, 2006) . One of the hydroxycinnamates, namely chlorogenic acid, the major nonflavonoid polyphenolic in tomatoes, has a similar number of beneficial health activities including potent antioxidant activity and hepatoprotective, hypoglycaemic and antiviral activities (Niggeweg et al., 2004; Slimestad and Verheul, 2009 ). In their biosynthetic pathway, both biosyntheses occur downstream of glycolysis with the shikimate-phenylalanine pathway which produce the immediate precursor of the aromatic ring of phenolics obtaining precursors from glycolysis (Tohge et al., 2013a, b; Fig. 2) . In parallel with improved instrumentation and data processing tools, the number of phenolics identified in tomato and other species has dramatically increased, with well over half of the 8000 known flavonoid structures of the plant kingdom being first described in the last 15 years or so (Anderson and Markham, 2006) , with an, at that time, comprehensive compilation of tomato flavonoids being listed by Slimestad and Verheul (2009) . In Table 1 and  in Supplementary Table S1 available at JXB online, an update of this compendium is provided, now reaching 223 secondary metabolites, including glycoalkaloids, compared with their 117 distinct reported structures of polyphenolic secondary metabolites. Two databases, MoTo (http://appliedbioinformatics.wur.nl/moto/, (Moco et al., 2006) and KomicMarket (http://webs2.kazusa.or.jp/komicmarket/, (Iijima et al., 2008) house information on tomato polyphenolics. Both provide information on structures which have been characterized by liquid chromatography mass spectrometry with a limited subset of these being confirmed by nuclear magnetic resonance spectroscopy. Four main flavonoid classes. (dihydrochalcones, chalcones, anthocyanins, and flavonols) and several hydroxycinnamate derivatives. (glycosides, quinate, and putrescine derivatives) have been reported to date in tomato fruits.
Flavonoids
The history of flavonoids in tomato fruits begins with the isolation and characterization of naringenin and quercetin (quercetin-3-O-rhamnoside) from the outer epidermis of three cultivars (Wu and Burrell, 1958) . Their identification was based on calculated molecular masses, melting points, refractive indices, and paper chromatography and compared with those of authentic standards. Naringenin, given its relatively simple three-ring molecular structure, serves as primer for more advanced flavonoid structures and as a substrate for glycosylation reactions, this fact underlying the subsequent identification of both prunin. (naringenin-7-O-glucoside) and isonaringenin (naringenin-7-O-rutinoside) (Miki and Akatsu, 1972; Galensa and Herrmann 1979) . Subsequent analysis of naringenin enantiomers in the outer epidermis, outer wall pericarp, and locular cavity of the fruit revealed that (S)-naringenin-7-O-glucoside predominated in all fruit tissues but that, with respect to the aglycones, both (R)-and (S)-naringenin were present (Torres et al., 2005) . The occurrence of rutin (quercetin-3-O-rutinoside) in tomato paste was initially described in 1968 (Rivas and Luh, 1968) , and has subsequently been identified to be the predominant flavonoid in ripe fruit of most cultivars (Slimestad and Verheul, 2009 ). Prior to the completion of ripening, rutin and another quercetin-diglycoside have also been reported as being abundant at substantial levels, as were four kaempferol derivatives characterized as -3-O-rutinoside, -3-O-rutinosylglycoside, triglycoside, and an unknown kaempferol glycoside by 2-D paper chromatography (Tronchet, 1969 (Tronchet, , 1970 . Interestingly, a close correlation between rutin levels, but not those of its derivatives, and antioxidant potential has been reported across 44 cultivars of Solanum lycopersicum (Spencer et al., 2005) . The development of HPLC methods in the 1980s precipitated a rapid expansion of the known polyphenol content of tomato (see, for example, Galensa and Herrmann, 1980; Hunt and Baker, 1980; Senter et al., 1988) . This was massively surpassed by the emergence and application of LC-MS-based methods (Moco et al., 2006; Iijima et al., 2008; Mintz-Oron et al., 2008; Dal Cin et al., 2011) . However, it is important to note that most of these new compounds are only partially described with the identities of their sugar moieties and their positions on the flavonoid aglycone often not yet established (Slimestad and Verheul, 2009) . The study by Senter and co-workers was the first to identify an acetylated flavonoid-namely a p-coumaric acid conjugate of rutin (Senter et al., 1988) . Subsequently, the first reports of the presence of kaempferol-3,7-di-O-glucoside, kaempferol-3-O-rutinoside-7-O-glucoside, two dihydrokaempferol-hexosides, Astragalin (kaempferol-3-O-glucoside) and naringenin-7-O-glucoside from tomato flesh were published, whilst the presence of quercetin-3-O-rutinoside, nicotiflorin (kaempferol-3-O-rutinoside) and naringenin chalcone was confirmed, although only rutin and naringenin chalcone were present in wild-type tomatoes (Le Gall et al., 2003) . The work described in Moco et al. (2006) used LC-MS to identify 12 flavonoids from tomato, the majority of which had not Fig. 2 . A schematic overview of connections between primary metabolism to the major secondary metabolic pathways of tomato fruits been previously described. Similarly, Iijima and co-workers reported 48 different compounds including naringenin chalcone derivatives, two eriodictyol chalcones, seven naringenin derivatives, six eriodictyols, 13 kaempferol derivatives, and 13 quercetin derivatives (Iijima et al., 2008) , whilst MintzOron and co-workers putatively assigned 24 peaks to flavonoids including two kaempferol derivatives, six quercetin derivatives, four naringenins, two eriodictyols, six naringenin chalcones, and four not clearly annotated flavonols (MintzOron et al., 2008) . More recently, four novel flavonols were reported (Dal Cin et al., 2011) and eight of these have subsequently been annotated within the MoTo database (Moco et al., 2006) . Whilst annotations of some of the above also carried the comment that they contained either malonyl, p-coumaroyl or feruloyl acyl groups the structural information from these studies is not optimal. Fuller structure elucidation of five major tomato flavonoids including extensive use of one-and two-dimensional proton and 13 C-NMR experimentation allowed their unambiguous identification as rutin, naringenin chalcone, kaempferol 3-O-rutinoside, and quercetin 3-O-(2''-O-apiosyl-6''-O-rhamnosyl)-O-glucoside (Slimestad et al., 2008) . Furthermore, seed-specific flavonol-O-sophorosides (-3-O-2''-O-glycosyglycoside of quercetin, kaempferol, and isorhamnetin) and their derivatives have been isolated and characterized in tomato (Ferreres et al., 2010) . The vast majority of flavonoids in tomatoes reside in the surface layers either in the epidermis, as is the case for derivatives of quercetin, kaempferol, naringenin, and naringenin chalcone (Krause and Galensa, 1992; Muir et al., 2001) or in the epidermis and vascular attachment region as is the case for triglycosides of kaempferol and quercetin (Moco et al., 2006) . Moreover, radiolabelling experiments have revealed that naringenin and naringenin chalcone are extruded to the outer surface of tomato fruits where they form molecular clusters (Laguna et al., 1999) . An overview of the dynamics of flavonoid content has been presented above. In addition to changes in free flavonoids, there is highly dynamic behaviour with regard to cutin-bound flavonoids, which are barely detectable in cutins of unripe fruit, but rise steadily throughout ripening, which is coupled to a change in predominance of bound naringenin to bound naringenin chalcone (Hunt and Baker, 1980) . The levels of flavanones and their glycosides were found to be significantly elevated in the outer epidermis on fruit ripening and, in addition, many general flavonol derivatives also display a slight increase during fruit development and ripening (Mintz-Oron et al., 2008) . However, the most abundant flavonol glycoside, namely rutin, did not display a clear increase during fruit maturation. Such a metabolic change of the most abundant flavonol-glycosides is also found in the outer wall pericarp (Ballester et al., 2010; Rohrmann et al., 2011) . Moreover, in tomato pericarp, almost all flavonol-glycosides were found to increase slightly directly after the breaker stage (B+1).
Anthocyanins are visible flavonoid pigments found in purple-hued tissues, however, most domesticated tomato cultivars produce no anthocyanins in fruits. Genetic engineering approaches using either an activation tagged line (ant1; Mathews et al., 2003) could provide higher accumulation of anthocyanin in tomato fruits. Later on, transgenic lines that expressed two transcription factors from snapdragon (Del and Ros1) could provide success in creating the hyperaccumulation of anthocyanin in tomato fruits (Butelli et al., 2008) . Metabolite profiling of those high anthocyanin accumulating transgenic tomato fruits resulted in the identification of nine major anthocyanins derived from three aglycones. (delphinidin, petunidin, and malvidin). Furthermore, structural annotations based on the MS n technique resulted in the identification of the moieties of these anthocyanins which means that they can be defined as -3-O-phenylacylrutinoside-5-Oglucoside derivatives.
Hydroxycinnamates
A range of hydroxycinnamates and their conjugates have been reported in both skin and pulp. They are generally present as a family of esters formed by the condensation of certain hydroxycinnamates and quinic acid. They are sometimes known collectively as chlorogenic acids (Clifford, 1985) . However, chlorogenic acid is also the specific name of the most commonly occurring form of these compounds which is also known as 5-caffeoyl-quinic acid (Hermann, 1979; Schuster et al., 1986) . In 1962, Walker reported the occurrence of ferulic, caffeic, and chlorogenic acids in tomato fruit and also p-coumaric acid in tomato skin (Walker, 1962) . Subsequently, two chlorogenic acid isomers were reported in extracts of canned tomato pastes (Rivas and Luh, 1968) and the presence of sinapic acid in hydrolysates of green tomato fruits (Wardale, 1973) and trace amounts of vanillic and salicylic acids were reported in red tomato fruits (Schmidtlein and Herrmann, 1975; Fleuriet and Macheix, 1976) . The report of Fleuriet and Macheix (1976) together with an earlier report (El Khatib et al., 1974) , described the presence of 5-p-coumaroylquinic acid, p-coumaroylglycoside, and feruloylglycoside whilst a subsequent study revealed that the accumulation level of these metabolites is considerably higher in the pulp than in the outer wall pericarp of the tomato. Indeed, by contrast with the distribution of flavonoids described above, that of the hydroxycinnamates is essentially ubiquitous across fruit tissues, this is true of conjugated forms of caffeic acid, coumaric acid, and ferulic acid which display similar yet not identical distribution patterns and all increase on ripening (Moco et al., 2007) . Mintz-Oron and co-workers recently putatively assigned two benzyl alcohol-glycosides and amine derivatives, N-feruloylputrescines, in tomato pericarp and outer epidermis (Mintz-Oron et al., 2008) . Additionally, four further hydroxycinnamates were reported by coupling LC-MS profiling with searches in the Moto Database (Dal Cin et al., 2011) .
In addition, resveratol, a stilbenoid phytoalexin, which is perhaps best known for its presence in grape and wine (Gurbuz et al., 2007) , has a widely acknowledged role as an antioxidant and chemoprotectant (Slimestad and Verheul, 2009) . It was relatively recently identified in tomato fruit by GC-MS along with its 3-O-glucopyranoside, piceid, together with the cis isomers of both compounds by Ragab et al. () . The levels of all four compounds were found to be relatively stable reaching a maximum peak at 4 weeks post-breaker. Transresveratol has also been reported in tomato skin (Mintz-Oron et al., 2008) but none of these compounds have been reported in the flesh of the fruit.
Volatile organic compounds (VOCs)
Volatile organic compounds. (VOCs) are present in sufficient quantities to form scent in tomatoes. However, of the more than 400 detectable VOCs (Buttery and Ling, 1993) , it is thought that only 16 volatile compounds positively contribute to the flavor of ripe tomato fruits (Tieman et al., 2012) . The level of most VOCs rises during the onset of ripening and peak either at or shortly before full ripening with VOC biosynthesis being under ethylene-dependent regulation in tomato (Tieman et al., 2006; Klee and Giovannoni, 2011) . It has been reported that trans-2-pentenal and geranial appear for the first time following fruit tissue disruption and, similarly, that hexanal and 2-isobutylthiazole are significantly elevated a short time later (Baldwin et al., 2000) . By contrast, no change in 3-methyl-1-butanol and hexanol was observed following tissue damage implicating the former, but not the latter, volatiles as potentially important in plant defence. The content and chemical diversity of tomato VOCs is very large even in the case of difference between domesticated S. lycopericum lines (Tieman et al., 2012) . Tomato fruit volatiles can be classified into four subclasses, (i) volatiles derived from carotenoids, (ii) fatty acid volatiles, (iii) terpenoid volatiles, and (iv) amino acid derived volatiles (Vogel et al., 2010a; Klee and Giovannoni, 2011) . The VOCs which carry alcoholic or phenolic hydroxyl groups are generally stored in their glycosidic form in the vacuole (Ortiz-Serrano and Vicente Gil, 2010) .
Carotenoid-derived volatiles
Among the most important VOCs in tomato fruits are apocarotenoids which are derived from carotenoids such as β-ionone, 6-methyl-5-hepten-2-one, geranylacetone, and β-damascenone. Those carotenoid-derived VOCs are known to be produced by non-enzymatic oxidative cleavage of linear and cyclic carotenoids or by the cleavage action of carotenoid dioxygenase (Schwartz et al., 2001; Vogel et al., 2008) . Carotenoid-derived VOCs have an impact to the perception of sweetness in tomato fruits (Baldwin et al., 2008; Vogel et al., 2010a) . Given their linkage to carotenoids, their abundance is well correlated with fruit ripening and they are highly abundant in red tomato fruits (Goff and Klee, 2006) . For this reason, carotenoid-derived VOCs levels have been investigated in several tomato fruit colour mutants. For example, the tangerine (t) mutant which exhibits a deletion in the carotene isomerase (CRTISO) gene encoding the protein catalysing the isomerization reaction of cis-lycopene to trans-lycopene (Isaacson et al., 2002) displays lower levels of carotenoid derived VOCs. Similarly, the old-gold mutant, which is repressed in lycopene β-cyclase expression, also displayed reduced levels of carotenoid derived VOCs (Vogel et al., 2010b) . However, whilst the pathways involved in the synthesis of these compounds are largely known the mechanisms underlying their metabolic regulation remain uncharacterized.
Fatty acid-derived volatiles
The odorous lipid breakdown products, such as cis-2-penten-1-ol, trans-2-pentenal, cis-3-hexanal, trans-2-hexanal, and trans-2-heptenal are amongst the most abundant aroma volatiles in tomato fruits. Hexanals are formed from the 13-hydroperoxides of linoleic related fatty acids and generated by the reaction of an isomerase). Kazeniac and Hall (1970) have demonstrated the association of tomato fresh flavour with cis-3-hexenal, trans-2-hexenal, hexanal, and 2-isobutylthiazole. The loss of fresh flavour occurs concomitantly with alcohol substitution reactions in these compounds. Thus, cis-3-hexanal is associated with the fresh green aroma of tomato, this compound has an exceptionally low sensory threshold. (0.25 ppb; Petro-Turza, 1987) . Another important green flavour compound in tomato is trans-2-hexenal, however, this was demonstrated to be more important for its blending or mouth-feel properties and was not typical of tomato aroma in itself (Petro-Turza, 1987; Yilmaz, 2001) . Despite being characterized as green flavour compounds, all fatty acidderived VOCs actually increase during fruit ripening in the same manner as other VOCs. (Klee and Giovannoni, 2011) , suggesting that the aroma is not the result of absolute levels of VOCs but rather of their relative levels. The mechanisms underlying the regulation of the fatty acid-derived VOCs, however, largely remains to be uncovered.
Terpenoid volatiles
Terpenoids are the largest class of metabolites synthesized across all kingdoms, with multiple tens of thousands of structures known and a large variety of bioactive functions documented. The vast majority of the terpenoids are synthesized from the C5 building blocks, isopentenyl diphosphate and dimethyl allyl diphosphate. Both substrates are condensed, with the consequent loss of a diphosphate group, to form larger prenyl diphosphate intermediates. The major class of terpenoid VOCs is represented by lipophilic mono-, sesqui-, and diterpenoids which are derived either from geranyl diphosphate or trans-farnesyl diphosphate. Since these terpenoid VOCs contain either no oxygen or only oxygen within hydroxyl or carbonyl functional groups they are generally volatile and are often emitted from plants to attract pollinators or repel herbivores. In addition, those VOCs contribute to the aroma and flavour of foods consumed by humans. For this reason, several studies on tomato terpenoid VOC metabolism have been performed. Tomato fruit is rich in terpenoids. During early fruit development, the cytosolic pathway of their biosynthesis is operational, producing the glycoalkaloids and sterols (Narita and Gruissem, 1989; Gillaspy et al., 1993; Jelesko et al., 1999; Gaffe et al., 2000) discussed elsewhere in this article. Young, green fruits have trichomes which also synthesize a variety of volatile terpenes (Li et al., 2004) , but these trichomes dry up and fall off as the fruit matures. During ripening, the activity of the plastidic terpenoid pathway increases (Ronen et al., 1999) . However, ripe tomato fruits contain only minute quantities of monoterpenes and sesquiterpenes (Buttery et al., 1971 (Buttery et al., , 1987 (Buttery et al., , 1990 Petro-Turza, 1987) , which are important contributors to the aroma and fragrance of many fruit and floral species (Croteau et al., 2000; Pichersky and Gang, 2000; Dudareva et al., 2004; Schwab et al., 2008) . Transgenic tomato fruits over-expressing α-zingiberene synthase (ZIS) from basil, under the control of the fruit-ripening-specific tomato polygalacturonase promoter (PG), accumulated high levels of α-zingiberene (224-1000 ng g -1 FW) and other sesquiterpenes, such as α-bergamotene, 7-epi-sesquithujene, β-bisabolene, and β-curcumene, whereas no sesquiterpenes were detected in non-transformed control fruits (Farag and Pare, 2002) . Two studies on wild tomato and on the S. pennellii introgression lines (Tieman et al., 2006) were able to detect a number of terpene-derived volatiles (Tikunov et al., 2005; Tieman et al., 2006. suggesting that they are present but probably at very low amounts. As such, our knowledge concerning their biosynthetic pathways in tomato is relatively poor but the identification of quantitative trait loci determining their accumulation (Tieman et al., 2006) will probably ultimately help in the clarification of these pathways.
Amino acid-derived volatiles
Tomato fruit volatiles are also derived from amino acids which are senescence-associated amino acid groups such as branched chain amino acids (BCAA) and aromatic amino acids (AAA). Branched chain volatiles (3-methylbutanal/ol, 2-methylbutanal/ol, isobutylthiazole, isobutyl acetate, and isovaleronitrile) are all important contributors to the flavour of many food products. In particular, foods which are microbially fermented, such as cheeses, contain many branchedchain volatiles. Despite the fact that many tomato fruit VOCs are significantly elevated during fruit ripening, a large number of them do not display clear dynamic behaviour (Klee et al., 2010) . In melons, there is reasonable evidence that branched chain amino acids are volatile precursors (Gonda et al., 2010) . However, the characterization of tomato plants exhibiting antisense inhibition of the branched chain amino transferases suggested that catabolism of BCAAs is not a major route for the production of volatile organic compounds in tomato (Kochevenko and Fernie, 2011) .
Phenylalanine-derived, i.e. phenylpropanoid volatile organic compounds (PhPVOCs) namely guiacol, methylsalicylate (MeSA), and eugenol have been found that greatly contribute to the aroma of tomato fruits (Buttery et al., 1990; Tikunov et al., 2010) . The PhPVOC conjugates in tomato fruits are derived from just three aglycones, guaiacol, eugenol, and MeSA, however, the site of glycosylation is quite diverse and elucidation of the functional properties conferred by this diversification of structure represents a major target for future work. Guiacol is known to confer a 'smokey' aroma, since it is present in wood smoke resulting from the pyrolysis of lignin. MeSA has also been implicated in defence in several different plant-pathogen interactions (Shulaev et al., 1997; Chen et al., 2003; Koo et al., 2007; Tieman et al., 2010) , whilst eugenol is known as a pungent odorant similar to the aroma of cloves (Syzygium aromaticum) and cinnamon (Cinnamonmum verum; Tikunov et al., 2010) . For this reason, the content of PhPVOCs is one of the most important components which determines tomato fruit flavour. The biosynthesis of PhPVOCs, starting from phenylalanine or chorismate, has been described in several recent articles ( Fig. 2; (Wildermuth et al., 2001; Tieman et al., 2006; Dudareva and Pichersky, 2008; Mageroy et al., 2012; Tikunov et al., 2013) . Since the amount of non-volatile glyco-conjugated VOCs might considerably exceed the total amount of free VOCs in tomato fruits (Buttery et al., 1990; Ortiz-Serrano and Gil, 2007; Tikunov et al., 2010) , the profiling of modified VOCs is likely to be of fundamental importance for the production of aroma. In a very recent study, volatile metabolomic screening of the exact same 94 tomato cultivars described above in the section on 'Terpenoid volatiles', allowed the identification and subsequent characterization of NON-SMOKYGLYCOSYL TRANSFERASE1 which prevents the damage-induced release of guaiacol in ripening tomato fruit). Further experiments of this type are, however, still required to characterize this important set of tomato volatiles further.
Alkaloids

Steroidal glycoalkaloids
The steroidal glycoalkaloids (SGAs), also known as solanum alkaloids, are common constituents of numerous plants belonging to the Solanaceae family, such as tomato, potato, and eggplant (Atta-Ur-Rahman, 1998; Eich, 2008) . In general, the aglycones of SGAs, namely alkamine steroidal skeletons, are synthesized from cholesterol and modified with further glycosylation at C-3β of the steroidal skeleton (Bowles, 2002 (Bowles, , 2006 Friedman, 2002; Arnqvist et al., 2003; Kalinowska et al., 2005; Itkin et al., 2011) . The major metabolic change in SGA composition during ripening of tomato is the ripeningdependent conversion of tomatines to esculeosides via hydroxylation and glycosylation reactions (Fujiwara et al., 2005; Iijima et al., 2008; Yamanaka et al., 2009; Katsumata et al., 2011) . Despite the fact that the most abundant of the tomatidines, α-tomatine, is toxic to a variety of fungi, insects, animals, and to cancer cells (Blankemeyer et al., 1997; Friedman et al., 2000; Milner et al., 2011) , esculeosides such as esculeogenin A lead to a reduction in atherogenesis (Fujiwara et al., 2007) . Given that, this fact might indicate that toxic SGAs dissuade various animals from eating immature fruit whilst the non-toxic SGAs attract animals to mature fruits. The history of identification of SGAs in tomatoes is that tomatine was discovered in S. lycopersicum by Fodere and Hechtbefore in 1884 (Eich, 2008) . The tomato SGA named tomatidinelycotetraose (α-tomatine) was isolated in crystalline form from the wild species of tomato S. pimpinellifolium (Fontaine et al., 1948; Kuhn et al., 1957) and, later, another of the most abundant tomato SGAs, dehydrotomatine, was characterized (Friedman et al., 1997; Ono et al., 1997) . Furthermore, two esculeosides. (esculeoside A and B; Yahara et al., 2004; Nohara et al., 2010; Fujiwara et al., 2012) and three lycoperosides. (lycoperoside A, B, and C; Yahara et al., 1996 Yahara et al., , 2004 have been isolated from ripe fruits. Changes in the levels of α-tomatine and dehydrotomatine have been subject to considerable investigation indicating that they are dependent on genotype, tissue, and growth conditions (Friedman and Levin, 1998; Kozukue et al., 2004; Iijima et al., 2008 Iijima et al., , 2009 Mintz-Oron et al., 2008; Itkin et al., 2011) . In addition, SGA profiling of ripening mutants, ripening-inhibitor (rin), non-ripening (nor), and Never-ripe (Nr) mutants, revealed that metabolic conversion from tomatines to esculeosides is regulated by ethylene-dependent fruit maturation. By the application of recently developed LC-MS metabolome platforms, over 100 SAGs have been described in various tomato tissues (Moco et al., 2006; Iijima et al., 2008; Mintz-Oron et al., 2008; Itkin et al., 2011; Rohrmann et al., 2011) . In the tomato pericarp of S. lycopersicum L. cv. Ailsa Craig, 12 SAGs were putatively annotated (Rohrmann et al., 2011) . On the other hand, metabolite profiling of tomato outer epidermis revealed 40 SAGs (Moco et al., 2006) , 13 SAGs (Mintz-Oron et al., 2008) or 93 SGAs by (Iijima et al., 2008) depending on the method and genotype studied. More recently, 85 SGAs from 21 tissues including five different ripening stages of the outer epidermis, pericarp, and seed (Itkin et al., 2011) were profiled whilst 123 SGAs were profiled with fruit extracts of eight different accessions (Iijima et al., 2013) . In a recent study, comparative co-expression analysis between tomato and potato revealed the presence of operon-like clustering of the SGA biosynthetic genes (GAME) in chromosomes 7 and 12. Silencing GLYCOALKALOID METABOLISM 4 (GAME4) in transgenic tomato resulted in a lower abundance of SGAs in potato tubers and tomato fruit, highlighting its key importance in the biosynthetic pathway (Itkin et al., 2013) . This fact notwithstanding, as for the glycosylated phenylpropanoids, considerable research effort will need to be expended in order to elucidate the exact biological functions of the diverse members of this compound class.
Conclusion
In this article, current knowledge concerning the secondary metabolism of tomato fruits has been summarized demonstrating that, whilst many of the major pathways have been characterized, the number of polyphenols, glycoalkaloids, and volatile compounds synthesized by this organ is vast and not yet fully understood. Improvements in analytical chemistry (Tikunov et al., 2005; Moco et al., 2006; Iijima et al., 2008; Mintz-Oron et al., 2008; Schilmiller et al., 2010; Itkin et al., 2011) as well as the considerable boon of the availability of the tomato genome sequence is already allowing us to expand these lists greatly, as are studies of natural variability of metabolism that have become routine across the tomato complex (Schauer et al., 2005; Schilmiller et al., 2009; Falara et al., 2011; Schilmiller et al., 2012; Yeats et al., 2012) . Despite these advances a number of important gaps exist-not least of which is to characterize conditional abundances of these compounds be they developmental or environmental. Only when such information is available will it be possible rationally to design experiments in order to classify the biological functions of newly identified compounds and to gain a deep enough understanding of the metabolic regulation which determines their relative abundances.
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